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EIC Collider Concept

Design is based on existing RHIC,
RHIC is well maintained, operating at its peak

A Hadron storage ring  40-275 GeV (existing)

0)
0)
0)

A Electron storage ring (2.5 118 GeV (new))

0)
0)

Many bunches
Bright beam emittance
Needs strong cooling or frequent injections

Many bunches, ) -
Large beam current (2.5 A) C 10 MW S.R. power S¥5s

A Electron rapid cycling synchrotron (new)
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A High luminosity interaction region(s)  (new)
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1-2 Hz
Spin transparent due to high periodicity

L = 10%*cm=?s?

Superconducting magnets

25 mrad Crossing angle with crab cavities
Spin Rotators (longitudinal spin)

Forward hadron instrumentation
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Design Parameters for e -p 10GeV * 275 GeV collision

Parameter proton electron
Ring circumference [m] 3833.8451

Particle energy [GeV] 275 10
Lorentz energy factor 7y 293.1 19569.5
Bunch population [10'] 0.688 1.72
RMS emittance (H,V) [nm] d11.3,1.0)D (20.0, 1.3)
B* at IP (H, V) [cm] / (80,7.2) (45, 5.6)
RMS bunch size o* at IP (H, V) [um] (95, 8.5)

RMS bunch length o7 at IP [cm] 6 2.0
Beam-beam parameters (H, V) (0.012, 0.012) (0.072, 0.1)
RMS energy spread [10 4] 6.6 55
Transverse tunes (H,V) (29.228,30.210) ( 51.08, 48.06)
Synchrotron tune 0.01 0.069
Longitudinal radiation damping time [tjirn] - 2000
Transverse radiation damping time [tufn] - 4000
Luminosity [10%*cm 25 1] 1.0

Unequal proton emittances (n, rms): 3>t and 0.3>m
3= Fermilab
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EIC proposed parameters

design eRHIC JLEIC
parameter proton  electron  proton  electron
center-of-mass energy [GeV] 105 44.7
energy [GeV] 275 10 100 5
number of bunches 1320 3228
particles per bunch [1017] 6.0 15.1 0.08 3.7
heam current [A] 1.0 2.5 0.75 2.8
horizontal emittance [nm] 0.2 20.0 4.7 5.5
vertical emittance [nm)] 1.3 1.0 0.94 1.1
Bz [em)] 90 42 6 5.1
B, lem] 4.0 5.0 1.2 1
tunes (Qr,Qy) B315/.305  .08/.06 .081/.132 .53/.567
hor. beam-beam parameter 0.013 0.064 0.015 0.068
vert. beam-beam parameter 0.007 0.1 0.015 0.068
IBS growth time hor. /long. [min] 126,120 n/a 0.7/2.3 n/a
synchrotron radiation power [MW] n/a 0.2 n/a 2.7
bunch length [cm)] 5 1.9 1 1
hourglass and crab reduction factor (.87 0.87
peak luminosity [10% em—2s—1] 1.05 2.1
integrated luminosity/week [fb™!] 4.51 0.0
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High Luminosity and Strong Hadron Cooling

A Luminosity of lepton-hadron colliders in the energy range of the EIC benefits
str ongl y3-10)ffrantcobaling the hadrond sransverse and longitudinal
beam emittance (at collisions)

A Reducing hadron beam emittance with strong hadron cooling enables reaching
maximum strength of the beam-beam interaction and therefore achieving a
maximum luminosity

A Intra-beam scattering (IBS), a fundamental process, which prevents small
emittance & causes emittance growth.

N/

with SH(
Strong hadron cooling with cooling rate of ?
1h-1, counteracts IBS
C EIC design luminosity L = 1-10%%cm-2s! at !
Ecm=105 GeV isachieved & full range of EIC ~ § ' | |
physics can be exploited. . 0
C EIC design includes strong hadron cooling - w/o SHC

0.1
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The EIC cooling systdmas toprovide cooling times of-2 hours
3= Fermilab
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What is beam cooling?

A Cooling is a reduction in the phase space occupied by the
beam (for the same number of particles).

i1tds not about the beam temper

A Equivalently, cooling is a reduction in the random motion of
the beam.

A Examples of non-cooling:

I Beam scraping (removing particles with higher amplitudes) is
NOT cooling;

i fCoolingo due to beam accel er:

I Expanding the beam transversely lowers its transverse
temperature. This is NOT cooling;

I Coupling between degrees of freedom may lead to a reduction
In the phase-space projection area. This is NOT coolingl.: _
3F Fermilab

6 S. Nagaitsev | Hadron Beam Cooling 06/21/2022



Why cool beams?

A Particle accelerators create a beam with a virtually limitless
reservoir of energy in one (longitudinal) degree of freedom.
This energy can couple (randomly and coherently) to other
degrees of freedom by various processes, such as:

I Scattering (intra-beam, beam-beam, residual gas, internal
target, foil @ injection);

I Improper bending and focusing;
Il nteraction with egewakededs)e nvi r «
I Space-charge effects;
I Secondary and tertiary beams;
A Normally, it is necessary to keep momentum spreads in the

transverse degrees of freedom at ~104 of the average
longitudinal momentum.

2= Fermilab
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Example of IBS: the Boersch effect
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A If beam radius is constant, the beam temperatures eventually
come to a thermal equilibrium due to Coulomb (intra-beam)

scattering

I H. Boersch, Z. Phys 139, 115 (1954), S. Ichimaru and M.N. Rosenbluth, Phys. Fluids
13, 2778 (1970).

A If beam radius is modulated (quadrupole focusing), beam
temperatures never come to a thermal equilibrium

I Energy is continuously supplied from the longitudinal ngtl'%q'milab
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Continuous temperature modulation in a FODO channel
FODO focusing channel (Fodusft-DefocusDrift). :

—

“:
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Hadron beam cooling methods

A Two basic methods employed for hadron cooling today:
I Stochastic cooling (1984 Nobel Prize in Physics)
I Electron cooling

A 1 will not discuss:
I Radiation damping
I Muon cooling
I Laser cooling

2= Fermilab
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Stochastic Cooling: an enabling technology for colliders

) before
P'Ck‘UP correction

microvyuve
amplifier

7 after
correction

(simplified stochastic cooling system)

Simon van der Meer (COOL 1993 workshop, Montreux):
Gl 2 GKSYy Oly 022ftAy3 g2N]J K LO Ydald ySOSaal NAfe& o685
the center of the distribution and (to satisfy Liouville) the empty phase space between the particles moves outwa
Clearly, the fields that do this must have a very particular shape, strongly correlated with particle position. In fact,
least two conditions must be satisfied:
M® ¢KS FTASER GKIG O22fta | LI NI A Odz | NpadsipddfiohlOshdst, Y
the field must know where each particle is.
2. The field that pushes a particular particle towards ¢katre should preferably push the empty phaspace
around it outwardslt should therefore treat each particle separately.
With stochastic cooling, these two conditions are clearly corresponding to the function of the pickup andBatker.
must be wideband in order to see individual particles as much as possibée
3F Fermilab
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Stochastic Cooling
A Slmon van der Meer, CERN, 1969

13

Tested experimentally at CERN in ICE ring, 1977-78

Employed in the past for pbar accumulation at CERN &
Fermilab (also planned at FAIR)

A 1t was the main basis for p-pbar colliders (SppS, Tevatron)

Successfully employed for ion bunched-beam cooling at the top
energy in RHIC;

Bunched beam stochastic cooling of protons in both Tevatron
and RHIC was not successful,

Various variations of stochastic cooling were proposed for the
EIC: coherent electron cooling, micro-bunching cooling, optical
stochastic cooling.

A Present baseline is based on the CEC-MB concept

2= Fermilab
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Example: Au -Au stochastic cooling (~GHz BW) in RHIC
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3-D stochastic cooling (5-9 GHz).

~5Xx U-U and ~ 4x Au-Au luminosity improvements.

Cooling led to first increase of instantaneous luminosity and smallest
emittance ever in a hadron collider.

May be adequate for the EIC with e-ION collisions

Is not adequate for protons
3= Fermilab
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From GHz to THz

A Stochastic cooling

I Microwave cooling (GHz-range bandwidth): past and present
A Tested experimentally at CERN in ICE ring, 1977-78
A Used for pbar accumulation at CERN & Fermilab (also at FAIR)
I1tos t he mai npbdrcooliderd @ppb,davatronj p
I Present R&D effort (THz and optical range)
A Very challenging

A EIC present baseline: coherent electron cooling (micro-bunching
cooling)

A Optical stochastic cooling R&D: Fermilab (IOTA) and Cornell (CBB)

2= Fermilab
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CEC concepts

16

——————— >E<E,
H* Modulater S~ 777 -> E>E, Kicker
o vedisor/ N\ .
—— Amplifier - -
A Y. S.Derbenev, fiOn possibilities of f asAIPQooferdnéeng ¢«

Proceedings, vol. 253, no. 1, pp. 103i 110, 1992,
https://aip.scitation.org/doi/pdf/10.1063/1.42152

V.N. Litvinenko and Y. S. Derbenev, fA Coherent el ectron cooling
https://link.aps.org/doi/10.1103/PhysRevl ett.102.114801
D. R a Micrebunched electron cooling forhigh-e ner gy hadr on beams,

vol. 111, https://link.aps.org/doi/10.1103/PhysRevLett.111.084802
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EIC Coherent Electron Cooling

Like stochastic cooling, tiny fluctuations in the hadron beam distribution (which are
associated with larger emittance) are detected, amplified and fed back to the hadrons
thereby reducing the emittance in tiny steps on each turn of the hadron beam

A High bandwidth (small slice size)
A Detector, amplifiers and kickers

Detector

/ Kicker

Tiny
Slice
of the beam

For high energy protons, the required bandwidth is much larger than
possible with micro-wave cables, amplifiers and kickers
C Use an electron beam instead to detect fluctuations, to amplify and

to kick
The use of electrons vastly increases the bandwidth.

Detector . kicker
AV hadrons
Amplifier common beam
[

common beam (bunching chicane) pipe
pipe electrons
: 022

2= Fermilab
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Coherent Electron Cooling scheme

|:=|+ Modulator / —--o> E>E \ Kicker

| }
[ =r
(Electrons and hadrons have exactly the same speed)
Imprinting: density fluctuation in hadron beam causes energy modulation of
e-beam
Amplification: e-beam energy modulations are converted to density
fluctuation by chicane
Hadron chicane: Controls hadron travel time with respect to electron path.
Transfer to correlated energy modulation.
Kicker: longitudinal electric field of electrons reduces the hadron beam
correlated energy spread.

The baseline design chooses Plasma enhanced racnaching
A Very broadband (~THz, slice size ~0.1 mm) amplifier
A Micro-bunching instability was well studied.
A Significant gain without saturation
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EIC Strong Hadron Cooling System

400 kV DC gun for 100 mA of beam and 4 MeV SRF injector
Dogleg ERL merger

149 MeV Super conducting Energy Recovery LINAC ( in existing tunnel)
e Beam transport to merge hadron beam

Amplification section with chicanes for electrons

Hadron chicane (existing magnets) path length matching & R, adjust
Return transport of electron beam to ERL

2 K He sub cooler station, RF and power infrastructure

Electron beam instrumentation and diagnostics

2= Fermilab
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